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Highly sensitive nuclear spin detection is crucial in many scientific areas including nuclear
magnetic resonance spectroscopy (NMR), imaging (MRI) and quantum computing. The
tiny thermal nuclear spin polarization represents a major obstacle towards this goal which
may be overcome by Dynamic Nuclear Spin Polarization (DNP) methods. The latter often
rely on the transfer of the thermally polarized electron spins to nearby nuclear spins, which
is limited by the Boltzmann distribution of the former. Here we utilize microwave dressed
states to transfer the high (> 92 %) non-equilibrium electron spin polarization of a single
nitrogen-vacancy center (NV) induced by short laser pulses to the surrounding 13C carbon
nuclear spins. The NV is repeatedly repolarized optically, thus providing an effectively
infinite polarization reservoir. A saturation of the polarization of the nearby nuclear spins
is achieved, which is confirmed by the decay of the polarization transfer signal and shows
an excellent agreement with theoretical simulations. Hereby we introduce the Polarization
readout by Polarization Inversion (PROPI) method as a quantitative magnetization measure
of the nuclear spin bath, which allows us to observe by ensemble averaging macroscopically
hidden polarization dynamics like Landau-Zener-Stu¨ckelberg oscillations. Moreover, we show
that using the integrated solid effect both for single and double quantum transitions nuclear
spin polarization can be achieved even when the static magnetic field is not aligned along the
NV’s crystal axis. This opens a path for the application of our DNP technique to spins in
and outside of nanodiamonds, enabling their application as MRI tracers. Furthermore, the
methods reported here can be applied to other solid state system where a central electron
spin is coupled to a nuclear spin bath - e. g. phosphors donors in silicon and color centers
in silicon carbide.
∗ E-mail: boris.naydenov@uni-ulm.de
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2I. INTRODUCTION
Nuclear Magnetic Resonance (NMR) spectroscopy and Magnetic Resonance Imaging (MRI)
are well established methods in chemistry, biology and medicine. Both techniques require the
detection of the low magnetic field generated by thermally polarized nuclear spins, which demand
high static magnetic fields and large sample quantities. Dynamical nuclear spin polarization (DNP)
has been developed to transfer the much higher thermal electron spin polarization to the nuclear
spins, thus improving the NMR signal. Another important application of DNP is in the emerging
field of quantum information processing and especially for the initialisation of solid state quantum
simulators1,2. The improvement factor is usually limited by the ratio of the magnetic moments
of the electron and nuclear spins, which determines the ratio of equilibrium polarization levels.
Although recently3 a much larger enhancement was demonstrated using optically polarized electron
spins out of thermal equilibrium, the technique relies on short-living radical triplet states, which
limits its applications. A very promising DNP method is based on optically pumped Nitrogen-
Vacancy centers in diamond (NVs), where several demonstrations have been reported4–8, but they
require very good alignment (below 1◦) of the magnetic field along the NV’s crystal axis. Here
we report and evaluate several methods for polarizing nuclear spins using a single NV center, that
are applicable at arbitrary magnetic field strengths and wide range of orientations. Furthermore,
we demonstrate a method to read out the magnetization of the nuclear spin bath - Polarization
readout by Polarization Inversion (PROPI), where we obtain the number of spin quanta transferred
from the NV center to the nuclear spins.
The NV is a unique physical system which became a universal sensor for magnetic9,10 and electric
fields11 and temperature12,13 with nanometer spatial resolution. Single NVs can be observed and
the electron spin of the triplet ground state can be optically polarized and read out. Recently it has
been demonstrated that the electron spin polarization can be transferred from an ensemble of NVs
to the surrounding 13C nuclear spins in a bulk crystal using a specific experimental configuration,
e. g. excited state level anti-crossing6, ground state level anti-crossing or nearest neighbor 13C
spins7. We have previously demonstrated by using proper microwave driving of the NV’s electron
spin, that polarization transfer can be achieved at arbitrary magnetic fields both for single5 and
ensemble of NVs14.
One of the main goals of diamond DNP is the polarization of nanodiamonds, which due to their
bio-compatibility are well suited as hyperpolarized MRI tracers. However, as detailed in Ref.15,
the polarization of nanodiamonds via NV centers requires novel approaches for DNP, due to the
3random orientation of the NV center axes and its large zero-field splitting. A new theoretical DNP
method has been proposed, combining the electron spin triplet S = 1 properties of the NV center,
specifically its double-quantum transition (DQT), with the integrated solid effect (ISE)16,17. With
these techniques an unprecedented level of robustness can be achieved, against misalignment of
the externally applied static magnetic field with respect to the NV axis and against rotational
diffusion of the NV. Usually experimental validation of DNP protocols can only be achieved in a
macroscopic ensemble of nuclear spins via NMR, thus limiting the information about the dynamics
due to ensemble averaging. The accessibility of a single NV, including its control and detection,
makes it a unique test bed for the effect of manipulation and polarization of the surrounding nuclear
spin environment and for testing of novel DNP schemes. However, the readout of the nuclear spin
state and polarization remained an open challenge, due to the limited quantifiable information in
methods such as linewidth narrowing5. Here we demonstrate novel methods on a single NV center,
which can be used not only to polarize, but also to measure the nuclear spin bath quantitatively.
In Section II we present the NV’s spin Hamiltonian and the general idea of our method. In
Section III we present measurement results when using a single quantum transition. Experimental
data for polarization via the NV’s double quantum transition and for misaligned magnetic field are
presented in Section IV.
II. CONTROLLING THE NUCLEAR SPIN BATH
The physical system consisting of a single NV and a bath of N
13C 13C nuclear spins can be
described by the following Hamiltonian (~ = 1)
Hˆ = DSˆ2z + gµB ~B · ~S + ~S ·A
14N · ~I 14N +
j=N
13C∑
j=1
γ
13C| ~B|Iˆjz13C + ~S ·
j=N
13C∑
j=1
A
13C
j · ~Ij
13C, (1)
where D/2pi = 2.87 GHz is the zero field splitting of the ground state, g = 2.003 is the Lande´
factor, µB is the Bohr magneton, ~B = Bx~ex + By~ey + Bz~ez is the applied static magnetic field,
~S = Sˆx + Sˆy + Sˆz and ~I
14N = Îx
14N + Îy
14N + Îz
14N are the electron and nuclear spin operators of
the NV (S = 1 and for 14N I = 1) and A
14N is the hyperfine interaction tensor of the NV. The
Zeeman interaction of the 13C nuclear spin bath (I = 1/2) is given by the second to last term in the
Hamiltonian with their gyromagnetic ratio γ
13C = 6.728×107 T−1s−1. The last term describes the
hyperfine interaction between the NV and the nuclear spin bath, where A
13C
j ∼ gµBγ
13C
r3j
with r3j
the distance between the NV center and the nuclear spin. For simplicity we have removed the 14N
nuclear spin Zeeman energy and its quadrupole interaction with the NV center. Unless otherwise
4stated in all experiments we set | ~B| ≈ 1750 G in order to compare the different measurements,
though it should be noted that our methods can be applied at arbitrarily magnetic field strengths.
The z axis is taken to be along the NV crystal axis. MW pulses are applied on the electron
spin resonance transition corresponding to NV nuclear spin state |mI = +1〉. For the experiments
presented in sections III and IV the magnetic field was aligned along z better than < 0.5 ◦. Results
for a misaligned field are presented in the last part of section IV. We used various NV centers in
different samples for our experiments, though for the results shown here the same NV center was
used, in order to be able to compare quantitatively the different DNP methods. The measurements
were performed on a home built confocal microscope.
The schematic of the pulse sequence used in our experiments for polarizing the nuclear spin
bath and reading out its magnetization is depicted in figure 1. It starts with a 3 µs long laser
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FIG. 1: Schematic representation of the experiments. The first pulse sequence is repeated N -times and is
used to polarize the nuclear spin bath along the static magnetic field (|↑↑↑ ...〉 state). By changing the MW
manipulation, we can polarize the nuclear spin bath into the |↓↓↓ ...〉 state by repeating the sequence M -
times. The illustrations present the state of the spin bath around the NV center at different time instants.
At the beginning the nuclear spins are polarized in the |↓〉 state. After repeating the polarization sequence
N times the nuclear spins are partially or fully inverted into the |↑〉 state depending on N . By polarization
of the nuclear spin bath during the M cycles the nuclear spin bath is both initialized and read out. Hence,
M has to be set to larger enough, so that the nuclear spin bath is completely polarized. At the start of the
experiment at N,R = 1 (*) the nuclear spin bath is unpolarized, but due to larger number of repetitions of
the measurements (R = 5 · 104) the first iteration can be neglected. For most of our experiments N = 50
and M = 200. See text for more details.
pulse to polarize the NV center into the |ms = 0〉 state, followed by a series of microwave (MW)
pulses to transfer the polarization to the surrounding nuclear spins, which are coupled to the NV.
The region where this hyperfine interaction is stronger than the coupling among the nuclear spins
and is often referred as the “frozen core” and also named “spin diffusion barrier”18. We will name
it “interaction region”. Theoretical simulations show that in our experiments all nuclear spins
with a coupling up to about 10 kHz to the NV center become completely polarized and nuclear
spins coupled from 2 kHz to 10 kHz are partially polarized. Weakly coupled ones are not affected
at all, but can be polarized via nuclear spin diffusion when the NV’s electron spin is initialized
5into the |mS = 0〉 state.
The pulse sequence is repeated N times, resulting in a polarization the nuclear spin bath in the
|↑↑↑ ...〉 state, where the states |↑〉 and |↓〉 are defined to be respectively parallel and anti-parallel
to the applied static magnetic field ~B. In order to read out the nuclear spin bath, we apply another
sequence, where we invert the nuclear spins into the |↓〉 state, see figure 1, right. By polarizing the
nuclear spins in the opposite direction, compared to the previous sequence and reading out the NV
state optically, we are able to read out their magnetization quantitatively, see next section. In other
words with the help of the NV center’s electron spin we manipulate the nuclear spin environment
and the back action of the latter on the NV is our signal. After normalizing the signal, we obtain the
average number of spin quanta transferred from the NV to the nuclear spins, which is confirmed
by theoretical simulations. We call this method Polarization readout by Polarization Inversion
(PROPI). A typical experimental result after applying both pulse sequences is shown in figure 2b
& c, see also next section.
III. POLARIZATION METHODS USING SINGLE QUANTUM TRANSITIONS (SQT)
A. Nuclear Spin Orientation via Spin Locking (NOVEL)
First we demonstrate our method using the NOVEL DNP technique. Here the transfer of
polarization from the NV’s electron spin to the nuclear spins is realized via a spin locking
experiment5,14,19. The pulse sequence is depicted in figure 2a. After initializing the NV in the
|ms = 0〉 state, we align its spin along the y axis of the Bloch sphere with a pi/2 pulse, where it
remains as long as the spin locking pulse is on (10 µs in our case) or until relaxation becomes
important. During the spin locking pulse, the system is in the dressed state basis and the electron
and nuclear spin flip-flop processes are energetically allowed. Afterwards we apply another pi/2
pulse to bring the NV spin back to the |0〉, |1〉 basis, where its state is read out optically. The
readout process is not part of the polarization protocol, but is used here to study the efficiency
of the methods. A spin flip-flop process between the electron and nuclear spins occurs when the
Hartmann-Hahn condition is fulfilled20
Ω1 = ω
13C
0 , (2)
where Ω1 = gµBB1/~ is the Rabi frequency of the spin locking pulse with the magnetic field
amplitude B1 of the applied microwave. ω
13C
0 = γ
13CB is the Larmor frequency of the 13C nuclear
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FIG. 2: (a) Pulse sequences for the NOVEL experiment. (b) Fluorescence of the NV center measured with
the n-th laser pulse, where n = 0, 1, ...N for N = 2, (yellow), N = 50 (blue) and N = 200 (red), here
M = 200 for all data sets, see also figure 1. (c) Fluorescence of the NV center measured with the m-th laser
pulse, where m = 0, 1, ...M . Inset: Measurement for N = 50 and M = 200. The red colored area enclosed
by the two vertical lines is the PROPI signal, which gives the number of inverted nuclear spins and is a
measure of the polarization. The dashed cyan curve is a simulation of the full experiment (N = 50;M = 200)
(d) Comparison between simulated nuclear polarization, simulated NV read-out and initialization corrected
PROPI data (see text) (e) Nuclear spin bath polarization as a function of the number of polarization cycles
N , where M = 200.
spins, see also equation 1.
In the experimental data shown in figure 2b we observe that the NV’s fluorescence level drops as
a function of N to a certain level, where it remains constant. The phase of the pi/2 pulses around
the spin locking time is the same, such that a bright fluorescence level indicates a spin flip during
7the spin locking time. The decay of fluorescence translates to a diminishing spin flip probability
(for N ∼ 200), meaning that the NV’s polarization is completely transferred to the closest nuclear
spins and no further electron-nuclear spin flip-flops can be observed. Hence the loss of fluorescence
is a signature, that the nuclear spin bath is polarized. After that we invert this polarization by
changing the phase of the pi/2 pulses by 180 degrees and run the sequence for M times. Now we
again start to observe flip-flop processes, which are suppressed after m ∼ 200 cycles as expected
(see figure 2c), since the polarization transfer for both nuclear spin states must saturate for the
same number of polarization cycles if we neglect spin diffusion to more distant nuclei. The area
between the fluorescence signal and the offset (averaged over the last 30 points see Figure 2c inset)
indicates the number of spin quanta transfered from the NV to the nuclear spins. We obtain a
quantitative measure of the nuclear spin polarization by correcting for imperfect NV initialization,
arising from the charge state fluctuations leading to an initialization of 70% NV−21, from the
electron spin initialization of 92% into the ms=0 state
21 and from initialization when the NV’s
nuclear spin is in a different state. This measure is the deduced number of inverted spins for the
buildup of polarization with different values of N as depicted in figure 2e. The accuracy of our
measure is confirmed by theoretical simulations with Hamiltonian (1) having a nuclear spin bath
of 30 spins (Figure 2 c, d) and using the time-evolving block decimation (TEBD) algorithm22–24.
The nuclear spins are randomly sampled in a diamond lattice with natural abundance of 13C, the
results are averaged over 30 different spin bath configurations and we account for above mentioned
imperfect NV initialization. In figure 2d we compare the simulated polarization of the nuclear
spins with the simulated NV fluorescence signal including all experimental parameters. These two
together with the averaged experimental spin bath signal are in excellent agreement.
For n = 200 and m = 200 there is an offset (Figure 2b,c) different from zero, which does not
indicate polarization transfer. This effect can be explained by the driving of the off-resonant nitro-
gen hyperfine transitions. By defining the signal area between the fluorescence signal and the offset
we solely observe the resonant, coherent nuclear-electron spin flip flop process. Due to the offset
correction this directly translates to polarization transfer in terms of spin flip quanta (or quanta of
angular momentum transferred). Effects like decoherence, pulse imperfections, spin relaxation and
off-resonant driving will lower the efficiency of the polarization but they do not affect the accuracy
of the readout. If this was the case, then they also influence the tail of the fluorescence signal and
by subtracting the offset they are not observed in the signal (the area below first 100 pulses). If
the polarization is not saturated during the tail (last 30 pulses) of the readout sequence, the offset
level would be higher, meaning that the number of spin flip quanta would give a lower value than
8the actual transferred polarization. To avoid this in the following experiments the most effective
polarization sequence (NOVEL) is chosen with a polarization cycle ratio N :M of 50:200, such that
the re-polarization part of PROPI (M = 200 cycles) saturates the polarization to a high degree.
The relaxation of the NV’s electron spin in the “dressed state basis” (T1ρ > 200 µs), thermal
relaxation of the nuclear spin bath (T1 process) and diffusion of the nuclear spin polarization out
of the “frozen core” are negligible at this time scale. In all experiments the NV’s fluorescence sig-
nal is normalized by a separate measurement of the electron spin population inversion via a pi pulse.
In figure 3a (blue curve) experimental data are shown, where the Rabi frequency Ω1 of the spin
locking pulse is varied for a single polarization cycle and the NV’s fluorescence is observed.
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FIG. 3: (a) NOVEL experiment. Here the NV’s fluorescence is observed as a function of the Rabi frequency of
the spin locking pulse for a single polarization step where the nuclear spin bath is not polarized (N = M = 1,
blue curve). The red curve is a PROPI measurement which gives the average number of nuclear spin flips
after polarizing the spin bath (N = 50, M = 200). An increase of the signal is observed when the condition 2
is fulfilled, which is a signature of polarization transfer. (b) NOVEL experiment where we measure how the
signal depends on the length of the spin locking pulse for N = M = 1 (blue curve) and N = 50, M = 200
(red curve). The oscillations in the single cycle measurement are due to coupling to the 14N nuclear spin of
the NV.
With this measurement we determine the correct Rabi frequency for controlling the nuclear spin
bath. The PROPI experiment (red curve) uses N = 50 cycles where one spin locking parameter is
varied and afterwards M = 200 cycles with optimal spin locking parameters are applied. The latter
200 pulses are used to read out the magnetization and initialize the nuclear spin bath into the |↓〉
state. If we repeat the polarization sequence many times, the signal becomes broader (red curve).
This is due to multiple spin flip-flop processes between the NV and different nuclear spins within
the N repetitions, resulting in a saturation of polarization at a broader range of Rabi frequencies.
9In figure 3b we plot the dependence of the NV’s fluorescence on the length of the spin locking pulse,
when equation 2 is fulfilled. The increase of the signal is again related to polarization transfer,
which has a maximum at a length of the spin locking pulse of about 10 µs. Here again the blue
curve represents a single polarization cycle (N = M = 1), while the red curve was measured using
N = 50 and M = 200. For the latter we observe a faster polarization transfer, which can be
explained by the multiple spin flip-flops during the repetitions of the measurement. If we continue
to increase the pulse length, the signal again decreases and shows oscillations (data not shown), as
reported previously5. The signal of the single cycle experiment shows oscillations, which are not
related to the 13C spins, but to hyperfine coupling to the 14N nuclear spin. In all measurements the
readout of the nuclear spin magnetization was performed by PROPI with the following parameters
- M = 200, Ω1 = ω
13C
0 , spin locking time 10µs. In the further experiments we use the PROPI
method as a benchmark to compare the efficiency of different polarization techniques.
B. Integrated solid effect (ISE)
We have previously demonstrated both experimentally14 and theoretically15 that by using the
Integrated Solid Effect (ISE)16 electron spin polarization from an ensemble of NVs can be transfered
to the surrounding 13C nuclear spins. In this technique instead of a constant MW frequency, a
frequency sweep over the electron spin resonance is used, which results in transfer of polarization.
The effective Hamiltonian of this experiment considering an NV center coupled to a single nuclear
spin can be written as14
Htrans = Ωσz + ∆σx +BeffIz′ + σz(az′Iz′ + ax′Ix′) (3)
with the effective Rabi frequency Ω = ΩM/
√
2 and MW driving strength ΩM = gµBB1/~, effective
detuning ∆ = D(θ)− γeB − δ(θ) + ωM with θ the angle between the static magnetic field and the
NV crystal axis and MW frequency ωM , second order correction δ(θ), σx,z and Ix′,z′ the electron
and nuclear spin operators in the rotated basis and az′ and ax′ the secular and non-secular
hyperfine interactions respectively.
In the ISE experiment there are three important parameters - the sweeping range of the MW
frequency frange, the sweep speed v = df/dt and the strength of the driving field ΩM . To find
the optimal conditions is generally a complex problem, but some considerations help to narrow
the range of spectral parameters. A detailed theoretical analysis of the method15 reveals that for
10
effective transfer of polarization the adiabatic condition with respect to the NV states has to be
fulfilled while being only semi-adiabatic with respect to the flip-flop transition
Ω2
|v|  1. (4)
On the other hand v should not be too small to avoid adiabaticity for the flip-flop transition. In
figure 4 we show how the polarization transfer depends on these parameters.
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FIG. 4: DNP of the nuclear spin bath using ISE observed via PROPI. (a) Pulse sequence used in the
experiments; (b) Dependence of the polarization on the sweep range of the MW. Transfer of polarization
as a function of inverse sweep rate (c) and strength of the driving field (d). The red curves show the
experimental data, the blue curves are simulations using three nuclear spins and without free parameters.
The right axis present the sum of the Iz of all three spins.
In these experiments the nuclear spin bath was polarized using the ISE pulse sequence shown
in figure 4a. It starts with the usual laser pulse to initialize the NV followed by a MW chirp
pulse where its frequency is changed over the resonance transition. After that the polarization is
measured and reinitialized by applying the NOVEL pulse sequence with optimal parameters for
M = 200. We observe that, by increasing the sweeping range, the polarization transfer improves
until a saturation for frange > 10 MHz is reached (figure 4b). The maximum of the nuclear spin
polarization is the same as in the NOVEL experiment (figure 3), showing that with both DNP
methods similar nuclear spin polarization can be achieved. Due to the frequency sweep, ISE with
the optimal parameters is about three times slower per polarization cycle than NOVEL, but it can
be applied for broader spectral lines. An increase of the spin polarization transfer is also observed
when the inverse sweeping rate 1/|v| is increased (figure 4c) and additionally the signal oscillates.
Similar effect is observed when the Rabi frequency is changed, see figure 4d, where the maximum
polarization transfer is reached close to the Hartman-Hahn condition (equation 2).
11
The oscillating behavior in figure 4,d is attributed to Landau-Zener-Stu¨ckelberg oscillations25,26,
which is confirmed by the theoretical calculations (blue curves) using the Hamiltonian 3 with three
nuclear spins, 20 polarization cycles (more cycles do not introduce changes) and no further free
parameters. Such oscillations can only be observed in a single spin experiment, owing to the signal
averaging in an ensemble experiment with many different nuclear spin environments.
IV. DNP USING THE DOUBLE QUANTUM TRANSITION (DQT)
One major drawback of NV centers in their application for DNP is that the electron spin
polarization mechanism and its transition frequency depend on the orientation of the applied
static magnetic field ~B with respect to the z axis (angle θ). In an ensemble of nanodiamonds
each NV will have an arbitrary orientation, which may change over time and will lead both to
significant broadening of the ESR line and to loss of ODMR contrast. In this case NOVEL cannot
be used for DNP as it works in a narrow frequency range as shown in figure 3a. Some of us have
recently proposed15 the use of the Double Quantum Transition (|−1〉 ↔ |+1〉 shortly DQT) of NV
centers in nanodiamonds at high magnetic fields (when DŜ2z << gµB| ~B|) to reduce the sensitivity
to misalignments. The DQT can be driven by applying simultaneously two MW frequencies which
are detuned with ∆ from the single quantum transitions, see figure 5a.
Figure 5b shows how the resonance frequency of SQT and DQT depends on the misalignment
of ~B. From this plot we can observe the stark difference in angle dependence between SQT and
DQT. For example, for B = 1 T and θ = 20◦ the resonance shift in DQT is less than 50 MHz,
compared with SQT where it is about 500 MHz. A typical experimental data set of a DQT Rabi
measurement is depicted in figure 5c, where the signal can be simulated using the Hamiltonian 5
explained below.
Next we describe the DQT DNP method. Under MW irradiation with frequencies ωMW−1 = 2pif1,
ωMW1 = 2pif2 and amplitudes (Rabi frequencies)
√
2 Ω1,
√
2 Ω−1, the following Hamiltonian in the
interaction picture is obtained
H =
δ
2
Sz + ∆S
2
z +
Ω1
2
(|1〉 〈0|+ |0〉 〈1|) + Ω−1
2
(|−1〉 〈0|+ |0〉 〈−1|) +γIBIz′ +Sz(az′Iz′ +ax′Ix′) (5)
Defining ∆1 = ω1−ωMW1 , ∆−1 = ω−1−ωMW−1 , then δ = ∆1 + ∆−1 is the detuning from the DQT,
and ∆ = (∆1 − ∆−1)/2 is the detuning from the |0〉 state, see figure 5a. As ∆ > Ω1,Ω−1, the
|0〉 state is detuned from the dynamics and we obtain an effective Hamiltonian for the {|−1〉 , |1〉}
12
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FIG. 5: (a) Energy levels of the NV’s electron as a function of the strength of the applied static magnetic
field ~B along the NV’s crystal axis. The arrows indicate the two MW frequencies f3 = f1+∆ and f4 = f2−∆
which are used to drive the double quantum transition |−1〉 ↔ |+1〉. (b) Shift of the resonance line for the
single and double quantum transitions as a function of the misalignment angle θ for 1770 G (solid) and for
1 T (dashed). (c) Experimental (blue markers) and theoretical (red curve, using the Hamiltonian 5) DQT
Rabi oscillations.
subspace after adiabatic elimination of the |0〉 state
HDQT = (δ + δso)σz + Ωeffσx + γIBIz + 2σz(az′Iz′ + ax′Ix′) (6)
with σz =
1
2(|1〉 〈1| − |−1〉 〈−1|), σx = 12(|1〉 〈−1|+ |−1〉 〈1|) and δso =
Ω21−Ω2−1
4∆ is the detuning due
to second order corrections for ∆ Ω1,Ω−1. The DQT Rabi frequency when Ω1Ω−1 = ΩSQT and
δ = 0 is given by Ωeff = 1/2(
√
2αΩ2SQT + ∆
2 − ∆), where typical experimental parameters are
ΩSQT ≈ 10 MHz and ∆ = 40 MHz. The factor α is introduced for convenient sweeping of the Rabi
frequency, see figure 7d.
Time evolution under the effective Hamiltonian 6 will result in polarization transfer from the NV
center to a single nuclear spin. Here the effective hyperfine coupling is two times larger compared
to the SQT experiments, see equation 3. This result is confirmed by the experiment as shown
below.
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A. NOVEL using DQT
The pulse sequence for the NOVEL experiment using the DQT is shown in figure 6a. After the
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FIG. 6: (a) Pulse sequence for the DQT-NOVEL experiment. Efficiency of the transfer of polarization for
SQT (blue) and DQT (red) as a function of the Rabi frequency (b) and the length of the spin locking pulse
(c). All experiments are measured using PROPI with optimal NOVEL conditions.
initialization of the NV in |0〉, we apply a pi pulse on the |0〉 ↔ |−1〉 transition, followed by two
pulses on both transitions, which serve as a DQ pi/2 pulse. Afterwards we apply a DQ spin locking
pulse, during which the NV’s electron spin is in the dressed state basis. Then we transform back
to the |0〉 , |−1〉 , |1〉 basis. The magnetization of the nuclear spin bath is read out by PROPI using
a SQT-NOVEL sequence with M = 200. In figure 6b we compare the efficiency of the polarization
transfer for SQT-NOVEL (blue curves) and DQT-NOVEL (red curves) as a function of the Rabi
frequency. We observe, that for the DQT measurement spin flip-flop processes occur for a wider
range of MW powers, compared to SQT-NOVEL. By increasing the length of the spin locking
pulses, DQT reaches maximum earlier compared to SQT as shown in figure 6b. Both signals show
oscillations, which are caused by the 13C spins with the strongest coupling (compared to the rest
of the nuclear spin bath) to the NV. The DQT shows the doubled frequency (60 kHz) compared
to SQT (30 kHz), as expected from the theory (see equation 6) due to the twice larger magnetic
dipole moment.
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B. ISE using DQT
In the previous section we have shown polarization build up via the DQT-NOVEL method, but
the resonance frequency range is limited (see figure 6b). Here we implement ISE using the DQT,
where both larger frequency range and robustness against misalignment of the magnetic field is
expected. The pulse sequence used in the experiment is depicted in figure 7a.
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FIG. 7: (a) Pulse sequence for the DQT-ISE experiment. (b) Polarization transfer as a function of the
frequency range for SQT-ISE (blue) and DQT-ISE (red). Polarization transfer dependence on the sweeping
rate (c) and MW amplitude factor α proportional to the Rabi frequency (d) for DQT (red markers). The
blue curves are simulations. (e) Misalignment of the external magnetic field in respect to the NV axis of 5◦;
performance of DQT-ISE (red) and SQT-ISE (blue) depending on the range of the sweep (here: N = 50
and M = 300). Readout is performed by PROPI with Hartmann-Hahn conditions matched.
Again the NV is put into the |−1〉 state by a laser and a pi pulse. Simultaneously two chirp
pulses are applied on both NV transitions. The frequency of the pulse on the |0〉 ↔ |+1〉 transition
is increasing, while on the other one it is decreasing. Here ∆ is kept constant, while δ is changed,
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see equation 5. At the end we use again a pi pulse on the |0〉 ↔ |−1〉 transition and then read out
the NV state. The nuclear spin bath magnetization is read out by PROPI using a SQT-NOVEL
sequence. First we compare how the polarization transfer depends on the range of the frequency
sweep for DQT and SQT, figure 7b. We find that for the former measurement a saturation is
reached for about half of the range compared to the SQT, which could be explained by the doubled
effective hyperfine interaction constant to the 13C nuclear spins. When we change the sweeping
rate (see figure 7c), we again observe the Landau-Zehner-Stu¨ckelberg oscillations, similar to the
SQT-ISE experiment (see also figure 4b). Analogous to SQT-ISE is also the result of changing the
DQ Rabi frequency shown in figure 7d. This behavior can be reproduced with simulations (blue
curves in figures 7c,d) using the Hamiltonian 6 and same parameters as in section III B adding
additional MW power fluctuations of ±5%.
At high magnetic fields when the magnetic field is not aligned with the NV crystal axis, both
the optical polarization and contrast of the readout of the NV center are significantly reduced4.
However, our readout method still enables the measurement of the nuclear bath polarization though
with low contrast.
The misalignment shifts the NV’s resonance frequency by ∆SQT leading to the effective Rabi
frequency Ωeff =
√
Ω2SQT + ∆
2
SQT, where the MW drive ΩSQT is constant. From figure 3 we
observe that the width of the Hartmann-Hahn resonance is approximately 100 kHz in the SQT.
At the applied magnetic field of 1770 G and a misalignment angle of 5◦ with the NV crystal axis
the electron spin resonance is shifted by ∆SQT ≈ 60 MHz, resulting in Ωeff ≈ 60 MHz since
ΩSQT = 1.86 MHz. Here we are far away from the Hartmann-Hahn condition 2.
We have performed DNP experiments with θ = 5◦. In figure 7e we compare SQT ISE and DQT
ISE showing how the polarization transfer depends on the frequency sweep range, which is centered
around the new, misaligned resonance condition. We observe similar behavior compared to the
aligned case. Beginning from a certain range, polarization is transfered from the NV to the nuclear
spins, where for DQT ISE the required range is shorter than with SQT ISE. In order to measure
this polarization transfer PROPI is used with optimal parameters of the NOVEL sequence. The
signal obtained in the experiments is rather low, compared to the signal when the magnetic field
is aligned. This effect is not due to low efficiency of the polarization transfer, but rather a result
of the inefficient readout of the nuclear spin bath. Owing to misalignment induced loss of optical
polarization efficiency and no nitrogen hyperfine spin state polarization27 the ODMR contrast is
approx. 10 fold reduced. These lead also to lower polarization efficiency in NOVEL which means
that compared to the aligned case more polarization cycles (M = 300) are needed to reinitialize
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the spin bath. Due to the low signal the measurement time increased 100 times, thus allowing us
to perform an experiment only for one off-axis angle of the magnetic field.
In addition to requiring a shorter sweep range as in the aligned case, DQT-ISE enables covering
a larger angle misalignment for the same sweep range. As shown in figure 5c, in 1 T magnetic
field, a 5 degree angle will correspond to barely a few MHz shift in the DQT resonance, compared
to over 30 MHz for the SQT.
Conclusions
We presented a novel method for reading out bath’s magnetization named Polarization read-
out by Polarization Inversion (PROPI) providing a measure of polarization of the nearby nuclear
spins. With this technique we have evaluated new robust methods for controlling the nuclear spin
bath (13C nuclear spins) surrounding a central electron spin (single NV center). In contrast to
previous reports, our polarization techniques can be applied at a wide range of magnetic fields
and sample orientations. This enables the implementation of optical DNP in nanodiamonds and
also in 13C enriched samples with broad spectral line widths. We compare the performance of
the different methods, where the experimental data are well supported by theoretical simulations.
The methods demonstrated here could be applied to other promising systems like color centers
in silicon carbide, where nuclear spin polarization has been also observed28. We believe that the
results reported here will find an application in DNP NMR spectroscopy and MRI with chemically
modified nanodiamonds as markers.
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